Chronic intermittent hypoxia (CIH) is a concomitant of sleep apnea that produces a slowly developing chemosensory-dependent blood pressure elevation ascribed in part to NMDA receptor-dependent plasticity and reduced nitric oxide (NO) signaling in the carotid body. The hypothalamic paraventricular nucleus (PVN) is responsive to hypoxic stress and also contains neurons that express NMDA receptors and neuronal nitric oxide synthase (nNOS). We tested the hypothesis that extended (35 d) CIH results in a decrease in the surface/synaptic availability of the essential NMDA NR1 subunit in nNOS-containing neurons and NMDA-induced NO production in the PVN of mice. As compared with controls, the 35 d CIH-exposed mice showed a significant increase in blood pressure and an increased density of NR1 immunogold particles located in the cytoplasm of nNOS-containing dendrites. Neither of these between-group differences was seen after 14 d, even though there was already a reduction in the NR1 plasmalemmal density at this time point. Patch-clamp recording of PVN neurons in slices showed a significant reduction in NMDA currents after either 14 or 35 d exposure to CIH compared with sham controls. In contrast, NO production, as measured by the NO-sensitive fluorescent dye 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein, was suppressed only in the 35 d CIH group. We conclude that CIH produces a reduction in the surface/synaptic targeting of NR1 in nNOS neurons and decreases NMDA receptor-mediated currents in the PVN before the emergence of hypertension, the development of which may be enabled by suppression of NO signaling in this brain region.
Introduction
Chronic intermittent hypoxia (CIH), resulting from sleepdisordered breathing with recurrent apneas, is associated with enhancement of sympathetic nerve activity and a slowly developing elevation in arterial blood pressure. Such effects are ascribed in part to heightened sensitivity of the carotid body response to hypoxia (Fletcher, 2003; Prabhakar et al., 2007) . Carotid chemoreceptor afferents make their first synaptic contacts with neurons within the nucleus of the solitary tract, a brain region that relays information to the hypothalamic paraventricular nucleus (PVN) and brainstem sympathoexcitatory sites (Sawchenko et al., 1996; Herman and Cullinan, 1997) . The PVN is critical for cardiovascular regulation (Benarroch, 2005; Kawabe et al., 2008) and is responsive to hypoxic stress (Chen et al., 2004) . Little is known, however, about the effects of CIH on neuronal excitability in this forebrain nucleus.
Neuronal activity in the PVN is regulated by glutamate and other excitatory, as well as inhibitory, neurotransmitters and by nitric oxide (NO). Disruption of the delicate balance between these functionally opposed modulators within the PVN has been shown to alter sympathetic tone and contribute to pathological conditions, such as hypertension and heart failure (Zhang et al., 2001; Allen, 2002) . The NMDA subtype of glutamate receptors in the PVN plays an important role in regulating outflow from neurohumoral neurons projecting to the pituitary, brainstem, and sympathetic preganglionic neurons in the spinal cord (Martin and Haywood, 1992; Li et al., 2001 Li et al., , 2006 Kawabe et al., 2008) . Activation of NMDA receptors in the PVN increases GABAergic inhibitory transmission, an effect facilitated by NO (Bains and Ferguson, 1997) . NO is produced by the NMDA receptordependent activation of neuronal nitric oxide synthase (nNOS) (Garthwaite, 2008) . Direct administration of NO or a NO donor into the PVN decreases sympathetic nerve activity and lowers arterial blood pressure (Horn et al., 1994; Zhang and Patel, 1998) . Conversely, inhibition of NO synthesis in the PVN results in sympathoexcitation (Zhang and Patel, 1998) .
The NMDA receptor shows activity-dependent plasticity attributed to changes in the surface/synaptic trafficking of the essential NMDA NR1 subunit (Malenka and Nicoll, 1993; Dunah et al., 1999) . NMDA receptor-dependent plasticity in the PVN contributes to augmented glutamatergic signaling in spontaneously hypertensive rats (Li et al., 2008 ), but it is not known whether this blood pressure elevation specifically relates to production of NO (DiCarlo et al., 2002) or whether similar adaptations contribute to CIH-induced hypertension. We tested the hypothesis that CIH reduces the surface/synaptic availability of NMDA NR1 in nNOS-containing neurons, NMDA receptor-mediated currents, and NO signaling in the PVN. This was achieved first by using quantitative electron microscopic immunogold labeling for NMDA NR1 and immunoperoxidase detection of nNOS in the PVN of mice exposed or not to CIH for 35 d, a time point at which there is a known CIH-induced increase in blood pressure in rodents. Second, we used patch-clamp recording of PVN neurons in slices and NO-sensitive imaging in dissociated PVN neurons to determine whether 35 d of CIH also affects NMDA currents and/or NO production in the PVN, respectively. The results seen after 35 d of CIH were compared with those occurring after 14 d, a time point at which no significant elevation in blood pressure was observed in the present mouse model.
Materials and Methods
Animals and intermittent hypoxia. Experimental procedures were conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committees at Weill Cornell Medical College. Adult male C57BL/6 mice (Jackson Laboratory) were randomly divided into CIH or control groups. The average starting weight for the CIH and sham groups was 22.8 Ϯ 0.4 g and 21.9 Ϯ 0.6 g, respectively. The animals in each group were housed together in a modified home cage. A programmed electronic timer system (ChronTrol) controlled solenoid valves that regulated gas delivery to the animal cages. Oxygen (O 2 ) levels within the cage rapidly transitioned from low O 2 (10 Ϯ 1%) following nitrogen (N 2 ) infusion, to ambient concentrations (21 Ϯ 1%) following pure O 2 infusion. Gas (O 2 or N 2 ) was distributed to the cage over a 5 s period every 90 s, resulting in 20 hypoxic episodes per hour. This rate is comparable to the number of oxygen desaturation events that occur in patients with mild to moderate obstructive sleep apnea (OSA) (Boland et al., 2002) . O 2 levels within the cage were continuously monitored using an O 2 sensor (Kent Scientific). The O 2 sensor was secured within the cage ϳ2 inches above the mice to enable sampling of gas levels experienced by the animals. The cycling of O 2 levels occurred for 8 h during the light (sleep) phase (8:00 A.M. to 4:00 P.M.). The control cages used for sham treatment were similar in design but were infused with room air, instead of O 2 or N 2 , every 90 s to maintain O 2 concentrations at 20 -21%. During the remaining 16 h of the day (4:00 P.M. to 8:00 A.M.), both CIH and control cages were infused with room air. The CIH/control protocol repeated for 14 or 35 d, during which the mice had free access to food and water. Similar body weights were observed between the groups after 14 (CIH, 23.7 Ϯ 0.6 g; sham, 23.6 Ϯ 0.6 g) or 35 (CIH, 25.9 Ϯ 0.7 g; sham, 26.1 Ϯ 0.6 g) days. Ambient temperature was kept at 22-24°C.
Arterial blood-gas and blood pressure measurement. In one group of mice (n ϭ 6), an arterial catheter was implanted in the carotid artery for sampling of arterial blood. Mice were anesthetized with isoflurane (induction, 2.5%; maintenance, 1.2%; delivered in 100% O 2 ). The artery was exposed through a small incision (ϳ1 cm). A catheter was inserted 2-5 mm into the artery and secured with nontoxic glue. The catheter tubing was routed under the skin to exit through an incision made on the dorsal surface of the neck. The incisions were sutured closed. Heparinsaline solution was used to prevent blockage of the tubing. The animals were allowed to recover overnight.
The next day, the mice were placed individually into modified cages connected to the CIH system. Arterial blood gases (pO 2 and pCO 2 ) and pH were assessed under three conditions in each conscious, unrestrained mouse (room air, 10% O 2 for 90 s, and room air for 90 s). Arterial blood samples (30 l) were collected in a capillary tube at the end of each sequential condition and immediately analyzed using a blood-gas analyzer (Chiron Diagnostics). At the end of the experiment, mice were killed by CO 2 overdose.
In a second group of mice, subjected to CIH (n ϭ 4) or sham treatment (n ϭ 4) for 35 d, mean arterial pressure (MAP) was monitored through a carotid arterial catheter inserted as described above. One day after the procedure, MAP was recorded for 30 min using a pressure transducer connected to a data acquisition system (MacLab).
In additional groups of mice, systolic blood pressure was measured by a noninvasive tail cuff system (Model MC4000; Hatteras Instruments). Blood pressure measurements were obtained on the final day of exposure to CIH (14 d, n ϭ 5 mice; 35 d, n ϭ 10 mice) or sham treatment (14 d, n ϭ 5 mice; 35 d, n ϭ 10 mice). Ten systolic blood pressure measurements were taken in each mouse over a 20 min session. The averaged values for each animal were combined to determine the mean group systolic blood pressure.
Vasopressin immunoassay. CIH (n ϭ 5) and sham-treated (n ϭ 5) mice were deeply anesthetized and 500 l of trunk blood was collected in polypropylene tubes containing 5 l of each 500 mM EDTA and 1 mg/ml aprotinin. Plasma was acidified with 1/10 volume of 1N HCl and clarified by centrifugation. Acidified plasma was loaded on phenyl-bonded SPE columns (Varian) and bound peptides were eluted with methanol containing 0.5% (v/v) of 1N HCl. Eluates were dried under vacuum and vasopressin was determined using a commercially available enzyme immunoassay according to manufacturers recommendation (Cayman Chemicals).
Antisera. A commercial mouse monoclonal antiserum (catalog #610309; BD Transduction Laboratories) was generated against a sequence at the C-terminal (amino acids 1095-1289) of human nNOS. Western blot analysis has shown that this affinity purified antiserum recognizes a single band of ϳ155 kDa, corresponding to the molecular weight of nNOS (Togashi et al., 1997; Rameau et al., 2004) . Immunohistochemical techniques have demonstrated that this antiserum specifically labels nNOS in cells transfected with the nNOS gene (Yu et al., 2000) .
A rabbit polyclonal antiserum (catalog #AB1516; Millipore Bioscience Research Reagents) raised against a 30 (909 -938) amino acid peptide corresponding to the C terminus of rat NR1 was obtained commercially. Immunohistochemical labeling with this antiserum is similar to brain distribution of NR1 mRNA, as determined by in situ hybridization. The specificity of the NR1 antiserum has been validated in cells transfected with NR1 cDNA, showing that labeling is found with the NR1 antiserum but not with antiserum preadsorbed with the antigenic peptide (Petralia et al., 1994) . Moreover, there is a brain region-specific loss of NR1 labeling with this antiserum in mice with spatial-temporal deletion of the NR1 gene (Glass et al., 2008) .
Tissue preparation and immunohistochemistry. Mice were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused through the left ventricle of the heart sequentially with 5-10 ml of heparin-saline, 30 ml of 3.75% acrolein in 2% paraformaldehyde, and 100 ml of 2% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Experimental (14 d, n ϭ 5; 35 d, n ϭ 5) and sham-treated (14 d, n ϭ 5; 35 d, n ϭ 5) animals were perfused with the same batch of solutions. The brains were removed from the cranium, cut into thick coronal slices (ϳ2 mm) using a mouse brain mold, and postfixed in 2% paraformaldehyde for 30 min at room temperature. The tissue was then cut into 40 m coronal sections using a vibratome (Leica Microsystems) and stored at Ϫ20°C in cryoprotectant solution (30% sucrose, 30% ethylene glycol, and 0.05 M PB, pH 7.4) until processed for immunolabeling.
Coronal sections of tissue containing the PVN from CIH and shamtreated mice were selected and coprocessed using a pre-embedding dual immunolabeling protocol, adapted from Chan et al. (1990) , for the detection of nNOS (immunoperoxidase) and NR1 (immunogold). Coprocessing enabled quantitative comparisons between experimental and control (sham-treated) groups in brain tissue having identical exposure to immunoreagents. The matched experimental and control sections were uniquely hole punched to permit pooling of the tissue. To neutralize reactive aldehydes, the acrolein-fixed tissue sections were first placed in 1% sodium borohydride in 0.1 M PB for 30 min. The sections were then rinsed with 0.1 M PB, transferred to 0.1 M Tris-buffered saline (TBS; pH 7.6), and incubated for 30 min in 0.5% bovine serum albumin (BSA) in 0.1 M TBS to minimize nonspecific binding of the antisera. The tissue was incubated for 72 h at 4°C in a solution of mouse anti-nNOS (1:200 dilution) and rabbit anti-NR1 (1:100 dilution) antisera in 0.1 M TBS with 0.1% BSA.
For immunoperoxidase detection of nNOS, sections previously incubated in the primary antisera solution were placed in donkey anti-mouse IgG (1:400; Incstar) for 30 min. The sections were then incubated for 30 min in avidin-biotin peroxidase complex (Vector Laboratories). The bound peroxidase was visualized by reaction of the sections for 5-6 min in 3,3Ј-diaminobenzidine (Sigma-Aldrich) and hydrogen peroxide. Between all incubations, the tissue was rinsed thoroughly with 0.1 M TBS.
For immunogold detection of NR1, tissue sections were rinsed in 0.01 M PBS (pH 7.4) and blocked for 10 min in 0.1% gelatin and 0.8% BSA to reduce nonspecific binding of gold particles. The sections were then placed for 2 h in the secondary antisera solution containing donkey anti-rabbit IgG (1:50 dilution) conjugated with 1 nm colloidal gold (Electron Microscopy Science). The gold particles were fixed to the tissue in 2% glutaraldehyde and the bound silver-gold particles were enhanced using a Silver IntenSEM kit (GE Healthcare) for 6 min.
Tissue sections were postfixed in 2% osmium tetroxide for 1 h and then dehydrated through a series of graded ethanols (30, 50, 70, 95, and 100%) and propylene oxide (100%), and placed in a 50:50 mixture of propylene oxide and Epon (Embed-812 kit; Electron Microscopy Science) overnight. The next day the sections were transferred to 100% Epon for 2 h and flat-embedded between two sheets of Aclar plastic. The flat-embedded tissue was allowed to harden in an oven at 60°C for 48 h.
Electron microscopic sectioning and data analysis. The flat-embedded tissue containing the PVN (0.82-0.95 mm caudal to bregma) was located using a light microscope. The region was excised, glued to a hardened Epon block, and trimmed to a sufficient size for thin-sectioning. Ultrathin sections were cut with a diamond knife (Diatome) using a Leica EM UC6 ultratome (Leica Microsystems). Once excess embedding material was removed and tissue was visualized at the surface, sections (70 nm thickness) were collected on 400-mesh copper grids. Each grid contained two or three ultrathin sections. The grids were dried and stored in the order in which they were collected. The sections were counterstained with uranyl acetate and lead citrate and examined using a Philips CM10 transmission electron microscope (FEI). The micrographic images were captured with an AMT Advantage HR/HR-B CCD camera system (Advanced Microscopy Techniques).
Ultrathin sections containing the PVN were used for electron microscopic analysis. Ultrastructural analysis was done exclusively on tissue collected from the surface to minimize differences in immunolabeling due to differential penetration of reagents. The NR1 immunogold particles in the sham and 35 d CIH-treatment groups were quantitatively compared in dendritic profiles with or without peroxidase immunoreaction product for nNOS in the PVN. PVN tissue from the 14-d-treatment groups were analyzed similarly with the exception that NR1 immunogold was quantitatively compared only in the nNOS-labeled dendrites. In all treatment groups, the dendrites were identified mainly by the prevalence of endoplasmic reticulum and synaptic inputs from vesicle-filled axon terminals (Peters et al., 1991) . Immunogold particles within dendrites were counted and categorized by location, such as whether they were in the cytoplasm or in contact with the plasma membrane. In the PVN region, the analysis was conducted in a total of 666 single (NR1) and dual (NR1/nNOS) immunolabeled dendritic profiles (324 from 35 d sham and 342 from 35 d CIH tissue) and in a total of 178 NR1/nNOS immunolabeled dendrites (86 from 14 d sham and 92 from 14 d CIH tissue). Quantification of labeled dendrites in tissue sections from both treatment groups at 35 and 14 d was performed blind.
Dendritic profiles with a diameter Ͼ0.8 m were considered to be selectively labeled when they contained two or more gold particles. Dendritic profiles with a diameter Ͻ0.8 m and other small neuronal (axons, axon terminals) and glial profiles were considered to be selectively labeled when they contained one or more gold particles. False-positive immunogold labeling was assessed by examining the number of gold particles overlying myelin, which is not known to express NR1 receptors. Approximately 0.5% of myelinated axons (1 of 187) in the neuropil had a single NR1 gold particle over the myelin. Peroxidase-immunoreactive profiles were defined as having a granular, electron-dense precipitate unlike the lighter, homogenous density of myelinated axons and other lipid-enriched membranes seen within the neuropil.
The potential false-negative results inherent to pre-embedding methods were also assessed with respect to their impact on the data analysis. The pre-embedding labeling method minimally detects most antigens within postsynaptic densities, which are readily identified by postembedding techniques (Aoki, 1997; Adams et al., 2002; Glass et al., 2004; Szabadits et al., 2007) . This limited penetration may have resulted in an underestimation of the amount of NR1 labeling within synaptic junctions, but is equally applicable to both the CIH and control (sham) animals. The limited capacity for detection of synaptic NR1 does not have direct impact on the observed between-group differences in the cytoplasmic or extrasynaptic plasmalemmal NR1 immunogold labeling.
Using Microcomputer Image Device software (Imaging Research), the cross-sectional diameter, perimeter, surface area, and form factor of each NR1-labeled dendritic profile in the PVN were measured. Only transversely cut dendrites with a form factor value Ͼ0.5 were included in the dataset. A cluster analysis (SPSS) was performed to divide the NR1-labeled dendrites into small, medium, or large subcategories to compare dendrites of similar size across groups. The parameters used for statistical comparisons were as follows: (1) the number of plasmalemmal NR1 gold particles on a dendrite/dendritic perimeter, (2) the number of cytoplasmic NR1 gold particles in a dendritic profile/dendritic cross-sectional area, and (3) the number of total (plasmalemmal plus cytoplasmic) NR1 gold particles in a dendrite/dendritic cross-sectional area. Single-labeled (NR1) and dual-labeled (NR1/nNOS) dendrites were analyzed separately. Data are expressed as means Ϯ SEM for the experimental and control groups of animals. Results were analyzed using a two-way (treatment ϫ dendritic size) ANOVA. Values were considered to be statistically significant when p Յ 0.05.
Whole-cell patch-clamp recording in PVN slices. CIH (n ϭ 6) and shamtreated (n ϭ 6) mice were anesthetized with 2% isoflurane and their brains were rapidly removed and immersed into ice-cold sucroseartificial CSF (s-aCSF) as described previously (D. P. Li et al., , 2008 . The s-aCSF was composed of the following (in mM): 26 NaHCO 3 , 1 NaH 2 PO 4 , 3 KCl, 5 MgSO 4 , 0.5 CaCl 2 , 10 glucose, and 248 sucrose, oxygenated with 95% O 2 and 5% CO 2 , pH 7.3. Coronal slices (200 m thickness) containing the PVN were cut using an VT1000S vibratome (Leica Microsystems) and stored in a custom-designed chamber containing lactic acid (l)-aCSF gassed with 95% O 2 and 5% CO 2 at 32°C for 1 h. The l-aCSF was composed of the following (in mM): 124 NaCl, 26 NaHCO 3 , 5 KCl, 1 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 10 glucose, 4.5 lactic acid, pH 7.4. PVN slices were then transferred to a glass-bottom recording chamber (P-27; Warner Instrument) and continuously perfused with gassed l-aCSF at 2 ml/min. The lateral ventricle, fornix fibers, and optic chiasm were used as landmarks to identify the PVN region where the neurons were visualized using an E600 epifluorescence microscope with differential interference contrast optics (Nikon).
The patch glass electrode was pulled using borosilicate capillaries (OD 1.5 mm, ID 0.86 mm; World Precision Instruments) and P-80 micropipette puller (Sutter Instruments). The resistance of the pipette was 5ϳ10 M⍀ when filled with an intracellular solution containing the following (in mM): 130 K-gluconate, 10 NaCl, 1.6 MgCl 2 , 0.1 EGTA, 10 HEPES, and 2 Mg-ATP, adjusted to pH 7.3. To elicit NMDA receptor-mediated currents in PVN neurons, the slice was perfused before the recording with a Mg 2ϩ -free extracellular solution containing the following (in mM) 121 NaCl, 5 KCl, 1.8 CaCl 2 , 0.01 glycine, 1 Na-pyruvate, 20 glucose, 26 NaHCO 3 , 1 NaH 2 PO 4 , and 4.5 lactic acid, gassed with 95% O 2 and 5% CO 2 , adjusted to pH 7.4. The voltage-clamp recording was performed in PVN neurons following a gigaohm seal with a further brief negative pressure applied to obtain the whole-cell configuration. The membrane potential was held at Ϫ60 mV. The recording began for NMDA-evoked currents after the baseline current reached a stable state. NMDA (30 M)-containing Mg 2ϩ -free extracellular solution was then perfused toward the patched neuron for 2 min (Kawano et al., 2006; Suh et al., 2010) . Signals were processed using an Axopatch 200A amplifier, filtered at 2 kHz, digitized at 10 kHz using Digidata 1320A (Molecular Devices). Data are expressed as means Ϯ SEM of the amplitude of NMDA-evoked currents. The NMDA-evoked current was analyzed off-line using a Window pClamp 8 (Molecular Devices). Correction for the liquid junction potential (Ϫ14 mV) was applied during off-line analysis. A one-way ANOVA followed by Tukey's post hoc test was used to compare the difference in the amplitudes of NMDA-evoked currents between sham and CIH groups at 14 and 35 d. A value of p Յ 0.05 was considered to be statistically significant.
Isolation of PVN neurons and in vitro NO-sensitive fluorescence imaging. Additional mice (n ϭ 16) were used to assess NO production in isolated PVN neurons from naive mice and mice subjected to either 14 or 35 d of CIH or room air (sham treatment). These mice were anesthetized with isoflurane and their brains were removed and immersed in s-aCSF. Thick coronal tissue slices (200 -300 m) containing the PVN were cut using a vibratome and stored in a chamber filled with oxygenated and carbogenated l-aCSF. The tissue was incubated at 36°C for 1 h each in gassed l-aCSF containing Pronase 0.02% (w/v) and thermolysin (0.02%), both purchased from Sigma-Aldrich. The tissue slices were micropunched under a dissecting microscope to remove the PVN region and cells were dissociated mechanically. Isolated PVN cells, adhered to the glass bottom of a Petri dish, included neurons (80%) and nonneuronal cells (20%) (n ϭ 75 cells). Neurons were identified based on their size, presence of processes, and positivity to nNOS immunoreactivity. Cells were incubated with the NO-sensitive fluorescent dye DAF-FM (4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein) diacetate (5 M; Invitrogen) for 30 min and then rinsed for 30 min. DAF-FM is loaded into cells and is converted to DAF-2 by intracellular esterases, rendering it membrane impermeable. NO and NO-derived species, including peroxynitrite, N-nitrosylate DAF-2, leading to the formation of the green fluorescence triazole DAF-2T (von Bohlen und Halbach, 2003) . DAF-FM fluorescence is pH independent and well suited to study NO production in conditions such as NMDA receptor activation, in which intracellular pH changes (von Bohlen und Halbach, 2003) . DAF-FM imaging was performed using an inverted fluorescence microscope (Nikon) equipped with a CCD camera (Princeton Instruments). Timeresolved fluorescence was measured every 30 s with an exposure time of 200 ms using image analysis software (IPLab; Scanalytics). Recordings were started after stable baseline fluorescence readings were achieved. Cells were superfused with oxygenated l-aCSF containing NMDA (10 -300 M) and the corresponding increases in fluorescence were recorded. In some experiments, cells were pretreated with the NMDA receptor antagonist MK801 (5-10 M), the nonselective NOS inhibitor L-NNA (100 M), the NO scavenger PTIO (200 M), or the NO donor SNAP (2 M). Time control experiments in which NMDA was not superfused were performed in parallel to assure the stability of the preparation.
DAF-FM fluorescence intensity is expressed as Ft/Fo, where Fo is the baseline fluorescence before application of NMDA, and Ft is fluorescence in the same cell after application of NMDA. Data are presented as means Ϯ SEM with N as the number of neurons tested. A one-or twoway ANOVA followed by Tukey's post hoc test was used for statistical comparisons between naive, experimental, or sham and vehicle groups. Differences were considered statistically significant when p Յ 0.05.
Results
The hypoxic stimulus used in the CIH model reduces arterial pO 2 To test the effectiveness of the hypoxic stimulus used in our CIH model, we measured arterial blood gases before, during, and after a single hypoxic episode in six mice. As illustrated in Table 1 , breathing 10% O 2 for 90 s decreased PaO 2 by 56% (t (10) ϭ 13.14; p Ͻ 0.0001) and PaCO 2 by 12% (t (10) ϭ 1.76; p Ͻ 0.05) compared with prehypoxia levels. The fall in PaCO 2 resulted in a corresponding increase in pH, a response consistent with hyperventilation. PaO 2 returned to normal in the posthypoxia period ( p Ͼ 0.05 from prehypoxia).
CIH increases arterial blood pressure without increasing plasma vasopressin
In mice subjected to 35 d of CIH, MAP measured by using an arterial catheter was significantly increased (t (6) ϭ 2.13; p Ͻ 0.05) compared with sham-treated mice (CIH, 141 Ϯ 7 mmHg; sham, 125 Ϯ 3 mmHg). Similarly, systolic blood pressure measured by tail cuff plethysmography was significantly increased (t (18) ϭ 2.54; p Ͻ 0.01) in 35 d CIH mice (115 Ϯ 2 mmHg) compared with sham-treated mice (105 Ϯ 3 mmHg). No significant elevation in blood pressure was seen after 14 d CIH (104 Ϯ 4 mmHg) compared with sham controls (111 Ϯ 6 mmHg) (t (8) ϭ 0.99; p Ͼ 0.05). The magnitude of the blood pressure elevation at 35 d is consistent with that previously reported in both rats (Fletcher et al., 1999; Lai et al., 2006) and mice (Campen et al., 2005) . The blood pressure elevation was not accompanied by a significant increase in plasma vasopressin at 35 d CIH (82 Ϯ 27 pg/ml) compared with sham-treated controls (79 Ϯ 29 pg/ml) (t (8) ϭ 0.08; p Ͼ 0.05).
Subcellular distribution of NR1 immunogold particles in nNOS-and non-nNOS-containing profiles is similar in the PVN of 35 d sham-treated and CIH-exposed mice
The NR1 immunolabeling in the PVN was observed in many dendritic profiles ( Figs. 1-4 ; Table 2 ). In both CIH and sham groups of mice, only a small subset (Ͻ30%) of these NR1-labeled dendrites contained nNOS. NR1 was less frequently seen in either glial or axonal profiles, the latter of which in- cluded those with or without detectable nNOS immunoreactivity ( Fig. 1 A, C,D ; Table 2 ). The distribution of NR1 immunogold labeling was similar in all PVN dendrites regardless of whether or not these dendrites contained nNOS. NR1 immunogold particles were predominantly located in the cytoplasm, near mitochondria and endomembranous structures, of dendrites in the PVN of control (627 of 800) and 35 d CIH (641 of 832) mice (Fig. 1 A, B) . Other dendritic gold particles were distributed along extrasynaptic portions of the plasma membrane. Less than 4% of the plasmalemmal NR1 gold particles in each treatment group were found within or near synapses from unlabeled axon terminals (Fig. 1C,D) . In dendrites expressing nNOS, the NR1 immunogold particles were often located near aggregates of nNOS immunoperoxidase reaction product distributed near asymmetric excitatory-type synapses (Figs. 1C, 2 ) that are typical of the contacts made by glutamatergic axon terminals (Peters et al., 1991; Rollenhagen and Lübke, 2006) . Many of these dendrites received convergent input from unlabeled axon terminals forming symmetric inhibitory-type contacts (Fig. 2) .
The NR1-and nNOS-containing dendrites were sometimes located in close proximity to the basement membrane of blood vessels in the PVN (Fig. 3) . In these dendrites, NR1 immunogold were distributed along the surface membrane and throughout the cytoplasm. Immunoperoxidase reaction product for nNOS was seen near portions of the plasma membrane opposing the basal lamina (Fig. 3A) or perivascular astrocytic processes (Fig. 3B ).
CIH produces a time-dependent change in cytoplasmic and plasmalemmal density of NR1 immunolabeling in nNOS dendrites of the PVN
In all transversely cut, dual-labeled (NR1 and nNOS) dendrites, the average cytoplasmic (F (1,160) ϭ 5.038; p ϭ 0.05) and total (cytoplasmic and plasmalemmal; F (1,160) ϭ 5.466; p Ͻ 0.05) density of NR1 immunogold particles was significantly increased in the PVN of mice subjected to 35 d of CIH compared with controls (Fig. 4) . When nNOS dendrites were divided by size using cluster analysis, the medium to large (0.82-1.51 m in diameter) dendrites in the 35 d CIH group showed a significantly ( p Ͻ 0.05) greater number of total NR1 gold particles per dendritic crosssectional area compared with the control group. Of the total NR1-immunogold particles located in these nNOS dendrites from the CIH group, the vast majority were located in the cytoplasm (52 of 68) or on nonsynaptic plasmalemmal membranes (16 of 68). There were no statistically significant ( p Ͼ 0.05) between-group differences in the total NR1 gold density in the small (0.24 -0.80 m in diameter) dendrites. CIH (35 d) did not alter NR1 immunogold density in PVN dendrites without detectable nNOS. Specifically, there were no significant differences in cytoplasmic (F (1,502) ϭ 0.284; p Ͼ 0.05), plasmalemmal (F (1,502) ϭ 1.468; p Ͼ 0.05), or total (F (1,502) ϭ 1.858; p Ͼ 0.05) density of NR1 immunogold particles in nonnNOS dendrites of 35 d CIH-exposed mice compared with shamtreated mice (Fig. 4C,D) .
In CIH abolishes NMDA-induced NO production in isolated PVN neurons at 35, but not 14, days In naive mice, application of NMDA (10 -300 M) to isolated PVN neurons (Fig. 5A-C) resulted in a concentration-dependent elevation of DAF-FM fluorescence, indicating increased NO production (Fig. 5D) . Such an increase in fluorescence was prevented by pretreatment with the NO scavenger PTIO, the NOS inhibitor L-NNA, or the NMDA receptor antagonist MK801 (Fig. 5E ). After MK801, the fluorescence was increased by the NO donor SNAP (Fig. 5E ). These observations attest to the validity of the NO detection method during NMDA receptor activation. In sham-treated mice, NMDA-induced increases in fluorescence were virtually identical to those observed in isolated PVN cells of naive mice (Fig. 6 A) . NMDA-induced NO-dependent fluorescence was suppressed in PVN cells isolated from mice subjected to 35 d of CIH, but not in mice exposed to CIH for only 14 d (Fig. 6 A, B) .
CIH reduces NMDA-evoked currents in PVN neurons
The whole-cell patch-clamp recording of PVN neurons in slices prepared from mice exposed to 35 d of CIH showed a significant reduction ( p Ͻ 0.05) in NMDA-triggered current compared with sham-treated controls (Fig. 7) . A similar reduction in NMDA-evoked current was also seen after 14 d of CIH (Fig. 7C ). Both at 14 and 35 d, similar to the naive group, the inward ionic currents triggered by NMDA were blocked by MK801 (Fig. 7C ).
Discussion
We have established that the mouse CIH paradigm used in the present study intermittently lowers arterial oxygen to a level relevant to those observed in patients with OSA (Lee et al., 2009) , and produces an increase in arterial blood pressure detectable after 35 but not 14 d. After 35 d of CIH, we saw a significant increase in the cytoplasmic density of NMDA NR1 subunits in dendrites of nNOS-containing neurons in the PVN (Fig. 8) . The ultrastructural analysis also revealed that nNOS dendrites in this brain region have a reduction in the plasmalemmal density of NR1 in 14 d CIH-exposed mice (Fig. 8) , when blood pressure does not significantly differ from that of sham-treated controls. The observed changes in the subcellular distribution of the obligatory NR1 subunit seen at these time points suggest that CIH decreases the availability of functional NMDA receptors. Furthermore, NMDA-evoked currents in PVN neurons were attenuated after either 14 or 35 d of CIH. However, only the 35 d CIH mice showed a decrease in NO production in isolated PVN neurons. These findings are consistent with the hypothesis that CIH produces a reduction in the surface/synaptic targeting of NMDA NR1 in nNOS neurons and a suppression of NMDA receptormediated currents in the PVN before the emergence of hyperten- sion, the development of which may be enabled by the reduction in NO signaling in this brain region.
Methodological considerations
There are important differences between the CIH model being used in the present study and clinical OSA. Apnea episodes occurring in humans result in hypercapnia and increased inspiratory efforts due to obstructed or collapsed airway passages. The intermittent hypoxic stimuli being applied in the present CIH model causes hyperventilation-induced hypocapnia. Despite this difference, however, numerous studies in rodents have shown that similar hypocapnic hypoxia/reoxygenation protocols produce physiological effects typical of those that occur in OSA, such as hypersomnolence and elevated sympathetic nerve activity and blood pressure (Lesske et al., 1997; Campen et al., 2005; Zhan et al., 2005; Peng et al., 2006; Kanagy, 2009) .
We used DAF-FM to investigate the effect of CIH on NMDAdependent NO production in the PVN. Although DAF-FM is well suited to study NO production in single cells, the fluorescence generated by this indicator is also influenced by catecholamines, ascorbate, and hydrogen peroxide (von Bohlen und Halbach, 2003) . However, it is unlikely that the NMDA-induced fluorescence in our preparation was not related to NO because it was blocked by the NOS inhibitor L-NNA and by the NO scavenger PTIO. Furthermore, the observation that the NO signal induced by NMDA was abolished by MK801 is consistent with a key requirement for NMDA receptors in the NO production.
NR1 and nNOS are colocalized in PVN dendrites
The observed presence of NR1 in an nNOS-containing subset of PVN dendrites receiving excitatory-type synaptic contacts is consistent with the well characterized spatial coupling between NMDA receptors and nNOS in the hypothalamus and other brain regions (Bhat et al., 1995; Aoki et al., 1997; Kiss and Vizi, 2001; Lin and Talman, 2002) . Magnocellular neurosecretory oxytocin and vasopressin neurons constitute major neuronal phenotypes expressing nNOS in the PVN (Arévalo et al., 1992; Calka and Block, 1993; Torres et al., 1993; Miyagawa et al., 1994; Sánchez et al., 1994; Hatakeyama et al., 1996; González-Hernández et al., 2006) . Conversely, preautonomic (Weiss et al., 2001; Y. Li et al., 2003; Kantzides and Badoer, 2005; Watkins et al., 2009) and GABAergic (Watkins et al., 2009 ) neurons in the PVN express little, if any, nNOS. Therefore, it is likely that the CIH-induced changes in NR1 observed in the present study occur predominantly in the nNOS-containing neurosecretory neurons. However, these neurons may not be among those that release vasopressin into the systemic circulation because 35 d sham-treated and CIH-exposed mice did not significantly differ in levels of this hormone. 
CIH-induced changes in NR1 immunolabeling in nNOS dendritic profiles of the PVN
The 35 d of CIH exposure resulted in an increased cytoplasmic density of NR1 in dendrites of nNOS neurons in the PVN. An increase in NR1 protein expression has been reported in the carotid body and the brainstem after CIH (Reeves et al., 2003; Liu et al., 2009) . These previous studies used Western blot analysis to examine protein expression in the entire region of interest. Therefore, the result may not be representative of what is occurring in a subpopulation of neurons, particularly those that express nNOS. Although an increase in total NR1 labeling was observed in nNOS-containing dendrites, we did not detect any CIH-induced changes in total NR1 labeling in non-nNOS-containing dendrites in the PVN. This may reflect, in part, the great diversity of neurotransmitters and neuropeptide modulators that are expressed in non-nNOS-containing PVN neurons (Benarroch, 2005) that are differentially influenced by CIH-induced plasticity of NMDA receptors. The observed CIH-induced changes in the subcellular distribution of NR1 in nNOS-containing dendrites of the PVN may be ascribed in part to the intermittent activation of excitatory inputs derived from local interneurons and other hypothalamic nuclei as well as from thalamic nuclei and the subfornical organ (Boudaba et al., 1997; Csáki et al., 2000) . NMDA receptor desensitization/internalization occurs in response to repetitive activation (Nakamichi and Yoneda, 2005) , which may contribute to the cytoplasmic accumulation of NR1 in nNOS-containing dendrites of the PVN that was seen after 35 d of CIH. The importance of both the duration and the intermittency of the hypoxic stimulus for the emergence of hypertension seen at 35 d is suggested by the fact that a continuous reduction in atmospheric oxygen produces only a transient increase in blood pressure (Naeije, 2010) . The 35 d CIH-induced increase in cytoplasmic density of NR1 in nNOS-containing dendrites is also consistent with enhanced synthesis and/or decreased degradation of NR1. After 14 d of CIH exposure, however, NR1 plasmalemmal density was decreased without affecting the cytoplasmic density of NR1 in nNOS dendrites of the PVN, consistent with the possibility that at this time point the internalized NR1 receptor complexes are preferentially degraded rather than being returned to functional surface/synaptic sites (Scott et al., 2004; Washbourne et al., 2004) .
CIH decreases NO production only after 35 d, but reduces NMDA-evoked currents at both 14 and 35 d time points Our results provide the first evidence that NMDA-induced NO production is suppressed in isolated PVN neurons from mice exposed to 35 d of CIH. These results are in contrast to those obtained from PVN neurons of naive and sham-treated mice, in which NMDA caused a concentration-dependent increase in NO production. We also demonstrate that the NMDA-induced increase in NO production observed in PVN neurons from naive mice is blocked by the NMDA receptor antagonist MK801. These data, along with the ultrastructural evidence for increased cytoplasmic NMDA NR1 in nNOS-containing neurons of the PVN in 35 d CIH-exposed mice, support the interpretation that decreased availability of functional surface NMDA receptors suppresses NO signaling in the PVN.
In contrast with 35 d, 14 d of CIH did not significantly affect NO production in isolated PVN neurons, even though there was an observed decrease in the NR1 plasmalemmal density in nNOS-containing dendrites and decreased NMDA-evoked currents in PVN neurons at this time point. Together, these observations suggest that decreased functionality of NMDA receptors in nNOS-containing neurons of the PVN is not the sole factor contributing to the reduction in NO signaling that occurs after 35 d of CIH. However, one caveat with this interpretation is that we cannot be sure that the neurons from which NMDA-evoked currents were recorded were nitrergic. Other potentially important mechanisms accounting for the NO suppression induced by CIH may include downregulation of nNOS (Huang et al., 2007) ; suppression of PSD-95, a scaffolding protein that couples the NMDA receptor to nNOS (Sattler et al., 1999) ; and/or nNOS phosphorylation (Rameau et al., 2004; Park et al., 2008) . In addition, the extended period (35 d) of CIH also may induce the formation of reactive oxygen species that are avid scavengers of NO (Peng et al., 2006; Mayorov, 2007; Stowe and Camara, 2009) .
Conclusion
The present findings indicate that extended (35 d) CIH in mice results in a blood pressure elevation and an accumulation of NMDA NR1 subunits within the cytoplasmic compartment of nNOS-containing PVN dendrites. This effect on NR1 subcellular distribution differs from that observed before the onset of hypertension at 14 d of CIH, when the nNOS dendrites in this region showed a decrease in plasmalemmal density of NR1 without significantly affecting the cytoplasmic density of these subunits. The differential changes seen in NR1 distribution at these time points suggest mechanistic differences in the internalization, degradation, induction, and/or surface assembly of NMDA receptors that Figure 8 . Schematic diagram illustrating the differential NR1 immunogold (chevrons) distribution in PVN nNOS neurons of sham-or CIH-treated mice. These neurons and their dendritic processes are separated from the smooth muscle (light gray) and endothelial cells (hatched lines) of an intraparenchymal arteriole by glial processes (yellow). The green indicates the nucleus of a smooth muscle and endothelial cell. nNOS-containing dendrites receive asymmetric excitatory-type (ϩ, red) and symmetric inhibitory-type (Ϫ, blue) synapses from unlabeled terminals. Gray dashed oval indicates a transverse section through the dendrite at the level receiving excitatory and inhibitory terminals. This region is enlarged in the disk shown for sham, 14 d CIH, and 35 d CIH treatment. At 14 d, the NR1 dendritic plasmalemmal (gray rim) density is decreased without change in the cytoplasmic (aqua fill) density or NO production, which is consistent with CIH-induced internalization of NR1 subunits that are preferentially degraded and/or downregulated. After 35 d, however, NO production is silenced and the NR1 cytoplasmic density is increased without a significant change in the plasmalemmal density in the CIH-treated compared with sham-treated (control) mice. This raises the possibility that at 35 d, the loss of NO retrograde signaling is one of the factors that triggers the cytoplasmic accumulation of NR1. Possible mechanisms of this effect may include enhanced production and/or suppression of the endosomal degradation of the internalized NR1 receptor complexes.
may specifically relate to both the CIH exposure and hypertension development. The net effect on NR1 distribution at either 14 or 35 d is consistent with decreased functionality of NMDA receptors, as was shown by the electrophysiological evidence for reduction of NMDA-evoked current in PVN neurons. The diminished functionality of NMDA receptors in the PVN may play a key role in the adaptive neuroendocrine and autonomic responses to intermittent hypoxia (Y. F. . However, only 35 d of CIH significantly elevated blood pressure and reduced NO production, suggesting that loss of NO signaling in the PVN is linked to the emergence of hypertension and dependent on mechanisms that are at least partially independent of nonfunctional NMDA receptors.
